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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
RESEARCH MEMORANDUM 
FORCED-CONVECTION HEAT-TRANSFER CHARACTERISTICS OF 
MOLTEN SODIUM HYDROXIDE 


By Milton D. Grele and Louis Gedeon 


SUMMARY 


An investigation of the forced-convection heat-transfer character- 
istics of sodium hydroxide was made for a range of Reynolds number from 
5300 to 30,000, corresponding to velocities from 3.8 to 15.4 feet per 
second, average fluid temperatures up to 9389 F, and heat-flux densities 
up to 226,000 Btu per hour per sauare foot for both heating and cooling. 
Water det tafe tests were also made to check the instrumentation. 
In addition, some heat-transfer tests were made with an aqueous solution 
of sodium hydroxide. 


When the sodium hydroxide heating data are correlated by the famil- 
jar Nusselt relation, the data fall slightly above the McAdams correla- 
tion line. The sodium hydroxide cooling data are fairly well repre- 
sented by the McAdams correlation line. 


INTRODUCTION 


This report contains the heat-transfer data obtained at the NACA 
Lewis laboratory for sodium hydroxide flowing in an electrically heated 
Inconel tube. Heating data were obtained for a range of Reynolds number 
from 5300 to 29,000, corresponding to velocities from 5.8 to 15.4 feet 
per second, average surface temperatures up to 9679 F, average fluid 
temperatures up to 9189 F, and hest-flux densities up to 226,000 Btu per 
hour per square foot. 


Cooling data were taken concurrently with the heating date, with 
the sodium hydroxide flowing through the center passage of a single-tube, 
Inconel, counter-flow, sodium-hydroxide-to-air heat exchanger. Data were 
obtained for a range of Reynolds number from 6500 to 30,000, correspond- 
ing to velocities from 5.9 to 15.4 feet per second, average surface tem- 
peratures up to 915° F, average fluid temperatures up to 938° F, and 
heat-flux densities up to 120,000 Btu per hour per square foot. 
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APPARATUS 


A photograph and a schematic drawing of the test setup are shown in 
figure 1. A centrifugal pump was used to circulate the molten sodium 
hydroxide from the sump tank through the heating test section, cooling 
test section, heat exchanger, and into the volume tank. From the volume 
tank, the molten sodium hydroxide returns to the sump tank. The setup 
is s0 arranged that upon completion of a run the sodium hydroxide ärains 
back into the sump tank. Each section of the test setup is described in 
the following paragraphs. 


Sump tank. - The sump tank housed the centrifugal pump and served 
as a storage tank for the 20 pounds of sodium hydroxide circulated 
through the system. The tank was made of Inconel with an inner diameter 
of 11 inches and a depth of 5 inches. During operation, an atmosphere 
of nitrogen was kept in the space above the liquid level. 


Circulating pump..- The circulating pump was a centrifugal pump 
driven by а 1 hp air motor. The rotor, housing, and shaft were made of 
Inconel. The gasket material used at the split housing was two sheets 
of 0.004-inch nickel. The pump was totally immersed in the molten 
hydroxide and supported from the cover plate of the sump tank. The 
bearings and shaft supports were located in a water-cooled housing above 
the sump tank and a slinger ring on the pump shaft prevented leakage. 
The flow rate was controlled by varying the air supply to the motor. 


Heating test section. - Preliminary tests showed that an elec- 
trically heated test section could be used for the heat-transfer tests 
because only a negligible amount of heat would be generated in the 
sodium hydroxide. A schematic drawing of the heating test section is 
shown in figure 2. The heating test section was fabricated from Inconel 
tubing having an outside diameter of 3/8 inch, a wall thickness of 
1/16 inch, and an effective heat-transfer length of 24 inches. Three 
stainless steel electric flanges were welded 12 inches apart to the test 
section and were connected by flexible. straps and buss bars to a power 
source for resistance heating. Electrically, the test section was con- 
nected in parallel, the current being divided at the center flange. 
Since the test section was not electrically insulated from the rest of 
the system, the outer flanges were grounded, thus maintaining the rest 
of the system at the same electrical potential. For starting purposes, 
guard ring heaters were used on each of the electrical flanges to eli- 
minate cold spots on the test section. Mixing tanks provided with 
baffles were located at each end of the test section. A thermocouple 
was located at the downstream end of each mixing tank to obtain a mixed 
temperature of the sodium hydroxide. Outside-tube wall temperatures 
were measured with 14 chromel-alumel thermocouples spotted at intervals 
along the test section: Each thermocouple lead was wrapped around the 
tube for 1/2 turn to prevent conduction losses from the thermocouple 
junction. 
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Cooling test section..- The cooling test section consisted of two 
Inconel tubes forming an annulus with sodium hydroxide in the center 
tube and counter-flow cooling air in the annulus. A schematic drawing 
is shown in figure 3. The inner tube had a 3/8-inch outside diameter 


with a 1/16-inch wall; the outer tube was 17 inches in diameter with a 


1/16-inch vall. A stainless steel bellows in the outer tube was used to 
take up the differential expansion between the two tubes. The effective 
heat-transfer length was 24 inches, Sodium hydroxide inlet and outlet 
temperatures were measured in mixing cans. 


Nine buried chromel-alumel thermocouples on the inside tube were 
used to obtain wall temperatures. As shown in figure 3, a circumferen- 
tial and a longitudinal groove 0.031-inch deep and 1/ 32-inch wide were 
cut at each thermocouple location. The thermocouple junction was placed 
in the longitudinal groove and each lead was wrapped around the tube 
1/2 turn to reduce conduction losses from the junction. A ceramic was 
used to insulate the thermocouple leads from the tube. Inconel spray 
weld covered the leads and located them permanently.  Alundum tubing 
inside a 1/8-inch Inconel tube brought the leads to either enä of the 
annulus. The location of each thermocouple junction was measured as 
accurately as possible and was found to be 0.045 inch from the inside 
surface. | 


Service air at 100 pounds рег sguare inch was available for cooling 
and was controlled by a regulator. 


Heat exchanger. - The heat exchanger was used to maintain a constant 
inlet temperature to the heating test section, since at a high rate of 
heat input to the heating test section, the cooling test section was 
inadequate in removing this heat. The heat exchanger was fabricated from 
two Inconel tubes forming an annulus, with the sodium hydroxide in the 
inner tube and the counter-flow air in the annulus. The dimensions of 
the inner tube were 3/4-inch outside diameter with a 1/16-inch wall, and 


of the outer tube, 15 inches with a 1/16-inch wall. 


Volume measuring tank. - The volume measuring tank was made of 


Inconel formed into a cylinder 5>-inches inside diameter and 11 inches 


deep. An air-actuated piston was used to open or close a plunger valve 
at the bottom of the tank. Electric contact points at measured depths 
in conjunction with an electric stop clock determined the rate of volume 
flow through the test sections. During operation, the plunger valve was 
closed, and as the liquid level rose, the time required to fill the tank 
between the electric contact points was determined. When the liquid 
level reached the upper contact point, the plunger valve was opened. 
Thermocouples located in the tank recorded the fluid temperature. From 
the volume-flow rate and the density of sodium hydroxide at the measured 
temperature, the weight-flow rate was calculated. 
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Electric system. - Electric power from a 208-volt, 60-cycle line 
was supplied to the heating test section, as shown in figure l(b), 
through two saturable reactors and a power transformer. A voltage 
regulator controlling the direct-current supply to the reactor main- 
tained close voltage. regulation at the primary of the power transformer 
for any setting (heating-test-section input) of the variable trans- 
‘former control. The capacity of the electric equipment was 25 kilovolt- 
amperes at a maximum input of 10 volts across the heating test section. 
The power input was read from а calibrated ammeter, voltmeter, and watt- 
meter. 


Miscellaneous. - Nichrome wires in alundum beads wrapped around 
each element of the test setup served as preheaters to bring the system 
up to operating temperature. All temperature measurementa were made with 
calibrated 24-gage chromel-alumel thermocouple wire. Temperature meas- | 
urements were read on a self-balancing, indicating-type potentiometer, ” 
and differential temperatures across both test sections were measured 


with a potentiometer and an external galvanometer. 


Stainless steel tube-to-tube compression fittings connected the 
various components of the system. All piping between components was 
1/2-inch outside diameter with a 1/16-inch wall Inconel tubing. 


A cold trap was installed directly before the heating test section 
to remove impurities from the sodium hydroxide. 


PROCEDURE 


Effect of heat generation in an Inconel tube filled with sodium 
hydroxide. - A preliminary investigation was made to determine the elec- 
tric resistance of an empty tube and one full of sodium hydroxide. An 
electrically heated Inconel tube 18 inches long with an outside diameter 
of 0.319 inch and a wall thickness of 0.055 inch was heated to approxi- 
mately 1300°_F. The power was then turned off, and the resistance of — 


the center og inches of the tube was recorded at several temperatures ав 


the tube cooled. The resistance measurements were made with a Kelvin . 
bridge. The same procedure was then repeated for a tube filled with 
sodium hydroxide. 


A plot of tube resistance with and without sodium hydroxide against 
temperature is shown in figure 4. As shown by the plot, the resistance 
of the tube with sodium hydroxide changed very slightly from that of the 
empty tube. This test corroborates the findings reported in reference 1, 
wherein the electric resistivity of sodium hydroxide is given as 
0.0116 ohm-ftZ/ft at 7509 Е. When this value is compared with the elec- 
tric resistivity of Inconel, which is 3.58X1078 ohm-ftZ/ft at 7509 F, 1% 
can be seen that the resistivity of the sodium hydroxide is many times 
greater than that of the Inconel. Hence it was concluded that the power 
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supplied to the heating test section would generate heat primarily in 
the tube wall, and the amount generated in the sodium hydroxide can be 
assumed negligible. 


Volume measuring-tank calibration. - The volume measuring tank vas 
calibrated by disconnecting 1% from the system and passing a salt water 
solution through it, which would operate the electric contact points. 

A predetermined weight flow was passed through the volume measuring tank 
and the measured weight flow was determined by the apparatus. For the 
range of welght flow encountered in the investigation, the values as 
determined by the volume measuring tank checked almost exactly with the 
predetermined values. 


Water heat-transfer tests. - For the purpose of establishing the 
validity of the sodium hydroxide data in the heating test section, heat- 
transfer tests were run with water on the same heating test section 
before and after the sodium hydroxide tests were made. The same instru- 
mentation was used, excluding the method of flow measurement. After 
sodium hydroxide tests were made, the system was flushed with water for 
several hours prior to making additional water tests. The water-flow 
rate was determined by weighing the water in a tank after it issued from 
the test section. 


Sodium hydroxide heat-transfer tests. - The test procedure was as 
follows: The system was purged with nitrogen prior to starting, and a 
nitrogen atmosphere was maintained on the liquid free surfaces during 
operation. The starting heaters were then turned on and the entire 
system was heated until all temperatures were above the melting point of 
the sodium hydroxide. The pump was then started which caused the cir- 
culation of sodium hydroxide through the system. Next, all the starting 
heaters except the volume-measuring-tank heater were turned off. The 
fluid velocity was then set-at the desired level by controlling the speed 
of the air motor driving the pump, and the main power supply to the heat- 
ing test section was set at a desired level. Air in sufficient quantity 
to match the drop in sodium hydroxide temperature in the cooling test 
section with the temperature rise in the hesting test section was then 
passed through the annulus of the cooling test section while the cooling 
test section wall temperatures were kept close to, or above, the melting 
point of sodium hydroxide. In some cases,. where the heat input to the 
heating test section could not be matched by the cooling test section, 
the heat exchanger was brought into use to make up the difference and 
thus maintain a constant inlet temperature to the heating test. section. 
After equilibrium conditions had been obtained, all fluid temperatures, 
wall temperatures, and power input readings were recorded for both the 
heating and cooling test sections, and the fluid-flow rate was deter- 
mined. This procedure was repeated for a range of flow rate and power 
input. 
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METHOD OF CALCULATION 


Water heat-transfer coefficients. - Water heat-transfer coefficients =н 
were calculated in the conventional manner, which is identical to the 
method used for sodium hydroxide explained in the succeeding paragraph. 


Heat-transfer coefficients for heating test section. - Average heat- 
transfer coefficients were obtained for the sodium hydroxide heating 
test section from the equation a , "m | | ENS 


2092 


WC, (To - 74) 
"Bs 2%)” 


All symbols used herein are defined in the appendix. 


The average outside-tube wall temperature Ty was obtained from a 
plot of local outside-tube wall temperature against distance along the | 
test section by planimetering the area under the curve and dividing by "pa 
the tube length. The average inside-tube wall temperature T; was then | 
calculated by subtracting the temperature drop through the tube wali | m 
from the average outside-tube wall temperature. The drop through the LM 
wall was calculated using the following equation, which assumes uniform W 
heat generation throughout the tube wall: | NN 


Q е. Bo 54-544 


Ty - Tg nen; a; 
2 2 
2xLky (Ro .- Ry ) 
| Heat-trensfer coefficients for cooling test section. - Average heat- 
transfer coefficients were obtained for the sodium hydroxide in the cool- 
ing test section from the equation . 


WC, (Tj - T2) 


= 


The average buried-tube wall temperature Ty' мав obtained from a 
plot of the local buried-tube wall temperature against distance along 
the test section by planimetering the area under the curve and dividing 
by the tube length. The average inside-tube wall temperature Ig was 
then calculated by adding the temperature drop through the tube wall to 
the average buried-tube wall temperature. The drop through the wall 
was calculated using the following equation, which assumes pure con- 
duction through the tube wall: 


Q Jn R - 
т-ти = a 1n (R/Ri) көтен 
B ul 2nLky 
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Physical properties of sodium hydroxide. - The density р, vis- 
cosity u, and specific heat Cp are plotted against temperature in 


figure 5. The viscosity was obtained from reference 1; the density, 
from reference 2; and the specific heat, from reference 3. The thermal 
conductivity k was assumed to be 0.6 Btu/(hr)(sq ft)(9F/ft) for the 
range of temperatures encountered in the investigation as reported in - 
reference 3. 


The physical properties in this report are evaluated at the average 
bulk temperature of the fluid. | 


RESULTS AND DISCUSSION 


The basic data obtained in this investigation for heating and cool- 
ing are listed in tables I and II, respectively. 


Water heat-transfer tests. - Water heat-transfer tests were run 
before and after the sodium hydroxide data were obtained, The same heat- 
ing test section was used for all the runs. The results are shown in 
figure 6, where the Nusselt number divided by the Prandtl number raised 
to the 0.4 power Nu/Pr9-*% is plotted against the Reynolds number Re. 
Water data obtained both before and after the sodium hydroxide tests are 
shown. There are three sets of water data shown: one for water runs 
before any sodium hydroxide was used, a second for water runs after the 
first set of sodium hydroxide runs was made, and a third for water runs 
after the second set of sodium hydroxide runs was made. Fairly good 
agreement between the water data and the McAdams correlation line 
(ref. 4) was obtained for all three sets of data, with the water data 
having a slightly greater slope. Also included for comparison is the 
correlation line obtained in reference 5. Тһе water data show very good 
agreement with the correlation line of reference 5. 


These data indicate that the instrumentation of the heating test 
section is fundamentally correct, and furthermore, that the inner-tube 
wall surface was not affected, so far as heat transfer is concerned, by 
exposure to the flowing sodium hydroxide in that the water heat-transfer 
data were not altered. | 


No water heat-transfer tests were made with the cooling test вес- 
tion because of the relatively small temperature difference between the 
heated water and the cooling air. This would result in an extremely. 
small temperature drop of the water, and hence make the accuracy of any | 
data obtained very doubtful. 


Heat balance. - The heat balance for the water heat-transfer data 
checked within 5 percent. 


The heat balance with sodium hydroxide for the heating test section 
is shown in figure 7, where the heat transferred to the sodium 
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hydroxide G as determined from the flow rate, specific heat, and 
increase in total temperature is plotted against the total electric heat 
input Gp minus the external heat loss QL. А 45° line is drawn to 5 
represent the perfect heat-balance condition.’ The external heat loss 

was determined by supplying various amounts of power to the test section 

with no sodium hydroxide flowing. The power input for a given average eens 
tube-wall temperature was considered to be the external heat loss for Ngga 
the same average wall temperature with sodium hydroxide flowing through a 
“the, tube. All the data, with the exception of two points, have a maxi- p 
mum deviation of 10 percent from the 459 line. б 


No attempt was made to obtain a heat balance on the cooling test 
section, since the cooling-air temperature end. иени flow were not 
measured. 


Tube-wall temperature distribution. - Representative axial tempera- 
ture distributions of outside-tube wall temperatures are shown in fig- 
ure 8(a) for the heating test section. The slight irregularity at the 
center and the drop off at the ends are caused by the comparatively large 
mass of metal.in the electric flanges. Representative axial temperature 
distributions of the buried-tube wall CEPE Vares are шаның in fig- 
ure 8(b) for the cooling test section. 


Some of the thermocouples were inoperative for the runs shown, but 
a sufficient number remained to give а smooth temperature distribution 
curve. | 


Sodium hydroxide heat-transfer data for heating test section. - The 
sodium hydroxide heat-transfer data are correlated by the familiar 
Nusselt relation, where the Nusselt number divided by the Prandtl number 
raised to the 0.4 power Nu/PrO 4 is plotted against the Reynolds 
number Re. A plot of Nu/Pr0-4 against Re is shown in figure 9(а) 
for the heating data. Included for comparison are the McAdams correla- 
tion line and the sodium hydroxide correlation line obtained from refer- 
ence 3. It is seen that the data fall approximately 20 percent above 
the McAdams correlation line and about 33 percent above the line from 
reference 3. The sodium hydroxide data were run in two sets, and the 
plot indicates that there is no apparent change in the heat-transfer 
coefficient with time. Since a constant value of thermal conductivity 
was used in the calculations, the correlation may be altered as new 
physical property data are made available. 


Sodium hydroxide heat-transfer data for cooling test section. = A NM 
plot of Wu/PrO-4 against Re is shown in figure 9(b) for the cooling = 
data. The McAdams correlation line is included for comparison. The 
bulk of the data agree fairly well with the McAdams line; however, 
several scattered points are high. О | = 


A comparison of figures 9(а) and 9(b) shows that the heating data N " 
are higher than the cooling data but have the same slope. 


2R 
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It should be noted that when the buried thermocouple was positioned 
in the cooling-test-section wall, the exact location could not be deter- 
mined. Upon completion of the tests, however, the cooling test section 
was removed from the test setup, the thermocouple locations were sec- 
tioned, and the junction location was measured as accurately as possible. 


Heat-transfer coefficients for an agueous solution of sodium 
hydroxide. - Average heat-transfer coefficients for a 50 percent by 
weight aqueous solution of sodium hydroxide are shown in figure 10, 
where the product of the heat-transfer coefficient and diameter hD is 
plotted against the product of the mass flow per unit cross-sectional 
area and the diameter GD. Included for comparison are the water data 
and the sodium hydroxide data, as well as the lines representing the 
water and sodium hydroxide data as determined from the McAdams equation. 
The sodium hydroxide data fall below the water data, and the data for a 
50 percent by weight solution of sodium hydroxide and water fall con- 
siderably below both the water and sodium hydroxide data. А plot of 
this type was used because the thermal conductivity of the aqueous solu- 
tion was not known. 


The experimental setup was not designed to test this solution. A 
considerable amount of scatter is present in the data, and it is felt 
that the scatter is caused by a constantly varying temperature level of 
the system. 


Remarks on test setup.. - Visual inspection of the system in contact 
with the sodium hydroxide indicated that no serious corrosion took 
place. The exposed surfaces, however, had a black appearance. The test 
setup was under flow conditions for approximately 50 hours in the tem- 
perature range from 7009 to 900° F. 


The sodium hydroxide flowed out onto the sump tank cover by creeping 
up the rotating pump shaft. This leak was remedied by placing a slinger 
pou on the pump shaft directly underneath the cover plate. 


One leak also occurred in the outlet mixing tank of the heating 
test section, but this was caused by a faulty weld. 


A chemical analysis of the sodium hydroxide in the cold trap was 
made upon completion of the sodium hydroxide tests. This analysis 
showed the presence of only very slight traces of iron, chromium, and 
nickel. 


SUMMARY OF RESULTS 


Heat-transfer tests for the heating and cooling of sodium hydroxide 
flowing through an Inconel tube with Reynolds number from 5300 to 30,000, 
corresponding velocities from 3.8 to 15.4 feet per second, average fluid 
temperatures up ta 938° F » and heat-flux densities up to 226,000 Btu 
per hour per square foot, gave the following results: 
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l. The heat-transfer data obtained in the heating tests were cor- 
related according to the familiar Nusselt relation. Тһе heat-transfer | 


data are 20 percent higher than predicted from the McAdams correlation ` 
line. | 


2. The heat-transfer data obtained in the cooling tests were cor- 
related according to the familiar Nusselt relation. The data agree 


fairly. well with the McAdams correlation line. 22 = 


3. Correlation with the McAdams line may be altered as new physical 
property data for sodium hydroxide are made available. 


Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 


Cleveland, Ohio 
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APPENDIX - SYMBOLS 
The following symbols are used in this report: 
specific heat, Btu/ (1b) (°F) 
inside diameter of heating and cooling test sections, ft 
mass flow per unit cross-sectional area, lb/(hr)(sq ft) 
average heat-transfer coefficient, Btu/(hr)(sa ft) (OF) 
thermal conductivity, Btu/ (hr) (sq ft)(9F/ft) 
thermal conductivity of Inconel, Btu/ (kr) (sa ft)(F/ft) 


effective heat-transfer length of heating and cooling test sections, 


rate of heat transfer, Btu/hr 

external heat loss, Btu/hr 

rate of electric power input to heating test section, Btu/hr 
inner radius of heating and cooling test sections, ft 

outer radius of heating test section, ft 

radius to buried thermocouple junction in cooling test section, ft 
heat-transfer area of heating and cooling test sections, sq ft 
O 


temperature at entrance to heating and cooling test sections, “Е 


temperature at exit of heati and cooling test sections ey 
= 2 
On 


average bulk temperature (Tj 4 T5)/2, Е 


average inside-tube wall temperature of heating and cooling test 
sections, ОЕ 


average outside-tube wall temperature of heating test section, CF 
average buried-tube wall temperature of cooling test section, OF 


velocity, ft/hr 
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W rate of flow, lb/hr 
н absolute viscosity, 1b/(hr)(ft) е 
p density, lb/cu ft 


Nu Nusselt mmber hD/k 


nN 
Pr Prandtl number Cpy/k 8 
ne Reynolds number ~GD/p 
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1 
2 
2 
2 
20 
51 
24. 
5 
3 
2 
51. 
45 
15 
27 
14 
26 
16 
31 


TABLE І. - BASIC EXPERIMENTAL HEATING DATA 
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TABLE Ti. - BASIC EXPERIMENTAL COOLING DATA 


1 

2 

38 

4 12.6 
5 13.8 
6 14.9 
7 14.7 
8 12.8 
9 14.8 
10 15.6 
11 15.9 
12 15.1 
15 10.4 
148] 

15 9.3 
16 14:9 
17 11.5 
18 17.8 
19 11.0 
20 16.3 
21 15,1 
22. 20.0 
25 22.1 
24 12.1 
25 8.2 
268 


“No cooling data were taken during runs 3, 14, 26, 27, and 28. 
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Figure 1, - Test setup. 
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(е) Schematic drawing. 
Figure 1. - Concluded. Test setup. 
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Figure 2. - Schematic drawing of heating test section. 
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Figure 3. - Schematic drawing of cooling test section. 
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Flgure 4. - Measured resistance of Inconel tube with and without sodium hydroxide. 
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Figure 5. - Variation of specific heat, viscosity, and density of sodium hydroxide with temporature. 
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Figure 6. - Water heat-transfer data. 
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Figure 7. - Heat balance for sodium hydroxide. 
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Figure 8. - Representative axial temperature distribution for heating and cooling test sections, 
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Figure 9. - Sodium hydroxide heating and cooling data. 
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Figure 9. - Concluded. Sodium hydroxide heating and cooling data. 
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